Two parapatric subspecies of the European grasshopper Chorthippus parallelus meet along the Pyrenees and form a hybrid zone. A nuclear DNA sequence marker (cpnl-1), involving the presence or absence of a 5 bp insertion, was found to differentiate between the two subspecies along either side of the High Pyrenees but further electrophoretic and sequence analyses revealed that considerable mixing of the subspecific genomes had occurred towards the western and eastern ends of the Pyrenees. The dine for this marker was relatively narrow in two adjoining western central high cols (Peyrelue: 9.7 km and Portalet: 13.3 km) but was significantly wider in another central high col towards the east (Quillane: 42.3 km), indicating that a different combination of forces has been operating on this locus in different regions of the Pyrenees.
Introduction
Hybrid zones are narrow regions where genetically distinct populations meet, mate and produce hybrids (Barton & Hewitt, 1985) and they have been variously described as 'natural laboratories for evolutionary studies' (Hewitt, 1988) and 'windows on the evolutionary process' (Harrison, 1990) . This is because they offer excellent opportunities to study many aspects of genetic divergence and speciation, gene flow and introgression, natural selection and adaptation. In recent years there has been an explosion of multidisciplinary studies on particular species (Harrison, 1993 ) that aim to identify the factors involved in maintaining and generating genome subdivision and thereby facilitate our understanding of the process of speciation. One such long-term study involves the meadow grasshopper Chorthippus parallelus.
C. parallelus occurs in Western Europe as two subspecies, C. p. erythropus south of the Pyrenees in Spain and Portugal, and C. p. parallelus to the north in France and beyond. Where these subspecies meet along the length of the Pyrenees a hybrid zone has been identi-*Correspondence 436 fied (Butlin & Hewitt, 1985a; Hewitt, 1993) which probably formed some 9-12 000 years ago (BP) following range expansion of the two subspecies and secondary contact as the ice retreated after the last glaciation. The two subspecies differ in many characters including morphology, behaviour, allozymes and chromosomes (Butlin & Hewitt, 1985a, b; Gosálvez et al., 1988; Butlin & Ritchie, 1991) , and these have been used to measure the extent of mixing and introgression between the two genomes in several places along the Pyrenees. In the lower hills at the ends of the mountain range morphological measures suggest possible mixing of the two subspecific forms. In two cols (passes) in the High Pyrenees (Col du Portalet, south of Pau and Col de la Quillane, south of Carcassonne) these studies have been much more detailed, describing varying dine widths for the change from one pure subspecies character to the other (Butlin et a!., 1991; Hewitt, 1993) .
In general, these dines for different characters are centred near the summit of the col, but have variable widths demonstrating that introgression for the genes controlling them has progressed differently after secondary contact of the two subspecies around 9000 BP. The width of such a dine is determined by the rate and form of dispersal of the insect, the selection operating on the character and its genetic basis, and the number of generations over which these have operated (Barton & Hewitt, 1989; Hewitt, 1993) . Thus broad dines are produced by long-distance dispersal of neutral alleles over many generations, and narrow dines are produced by limited dispersal of genes showing heterozygote disadvantage. These latter dines are called tension zones and reach a balance between dispersal and selection in relatively few generations (Barton & Hewitt, 1989) . F1 male hybrids between C. p. parallelus and C. p. erythropus are sterile and therefore would form a tension zone for those genes involved (Hewitt eta!., 1987; Virdee & Hewitt, 1990) .
Our understanding of the dynamics of such hybridizations will clearly be advanced if we have single gene differences available for mapping, experimentation and analysis. An excellent example of this is seen in the fire bellied toad Bombina bombina/variegata where a suite of allozyme markers has been employed (Szymura & Barton, 1986 . Despite examining some 40 allozyme systems in C. parallelus only two clear diagnostic loci were found. However, as a result of a comparison of DNA differences between C. p. parallelus and C. p. erythropus we have found clear subspecific sequence haplotypes in a noncoding nuclear DNA fragment (Cooper & Hewitt, 1993) . As well as providing a locus for analysis of nuclear introgression across the Pyrenees between the two subspecies, it also allows a measure of sequence divergence and construction of a phylogeography. In particular, it is pertinent to ask: (i) are populations of each subspecies from either side of the Pyrenees homogeneous, (ii) is there evidence of introgression and (iii) do their DNA sequences indicate one or two postglacial invasions?
Materials and methods

Geographical sampling
Adult C. parallelus were collected in July/August 1991-1993 from 15 populations on the northern (French) and southern (Spanish) sides of the Pyrenees (Fig. la) and from a further 25 populations through the Col du Portalet (Fig. ib) and Col de la Quillane (Fig.   ic) . Whole grasshopper bodies were stored either frozen at -70°C (1991 samples) or in 100 per cent alcohol at -20°C (1992 samples). In addition to the above samples, testes and hind legs from grasshoppers collected in 1990 for cytological studies of the hybrid zone at Col du Portalet and Col de la Quillane were also utilized as a source of DNA. These samples had been stored in 3:1 ethanol-acetic acid at -20°C. DNA extraction DNA was extracted from hind legs or testes using the Chelex 100 (Biorad) procedure as described by Cooper & Hewitt(1993) .
Po/ymerase chain reaction (PCR) amplification of grasshopper DNA Two oligonucleotide primers, cno76 and cno77, were used to PCR amplify a 393-bp noncoding nuclear DNA (cpnl-1) segment for each grasshopper DNA sample as described by Cooper & Hewitt (1993) . One u L of the amplified products was used to initiate PCR ajiiplifications with a second set of internal primers: cno2SB (5'-GCCATCTCCTCTCTCTGTCC-3') cnoINS.P (5'-GTAATTTTGTGGTAACTTGCC-3').
The second PCR amplification was carried out in a 50 u L reaction volume using 1 unit of Taq polymerase and 1 x standard buffer (Promega) containing 1.5 mi MgCl2 for 30 cycles (94°C, 30 s; 60°C, 30 s; 72°C, 30 s) using a Perkin Elmer thermocycler.
Gel electrophoresis PCR amplified fragments from individuals with or without the 5 bp insertion (128 bp and 123 bp) were resolved by electrophoresis in 15 per cent nondenaturing acrylamide gels in 0.5 x TBE (45 m Tris, 44 m boric acid, 1 mlvi EDTA) and visualized by ethidium bromide staining as described by Sambrook et at. (1989) .
DNA sequencing
The cpnl-1 segment was sequenced from individuals in populations at Ich, Erra, Erro and Par, using the procedures described by Cooper & Hewitt (1993) .
Fitting climes A tanh curve (Barton & Gale, 1993 ) was fitted to the data and dine widths estimated by the method of maximum likelihood assuming a binomial error distribution, using GENSTAT 5 (see Butlin et al., 1991 for full details).
Results
Previous analyses of an anonymous noncoding nuclear DNA marker (cpnl-1) in C. parallelus from populations in Spain and France revealed that the majority of cpnl-1 sequence haplotypes detected in Spain contained a 5 bp insertion which was absent in haplotypes in France (Cooper & Hewitt, 1993) . In Spanish populations in the High Pyrenees the insertion was found to occur at a frequency of 96 per cent. It therefore provides a useful marker sequence to investigate nuclear DNA introgression in detail across the Pyrenees between the two subspecies C. p. parallelus and C.
p. erythropus. In order to detect the 5 bp insertion! deletion from large numbers of grasshoppers, a rapid protocol was developed in which a small region of the cpnl-1 segment (123-128 bp) was PCR amplified using internal primers and alleles (5 bp insertion, IS and no insertion, JO) were distinguished by standard polyacrylamide gel electrophoresis.
To test whether all heterozygous individuals could be identified using the above procedure, the 123/ 128 bp fragment was amplified from 20 C. parallelus parallelus/C. parallelus eiythropus F1 hybrids in triplicate. Analysis by electrophoresis revealed two visible DNA fragments (123 bp (10) and 128 bp (IS)) in 80, 70 and 90 per cent of individuals for each of the three replicates, respectively ( Fig. 2 and Table 1 ). Overall, 100 per cent of all heterozygous individuals were detected after two replications of the procedure. These results indicate that the PCR is often amplifying one of the strands more than the other, but this appears to be at random. Therefore, to avoid errors in the misclassifi-M123456-M Fig. 2 Polyacrylamide gel showing separation of the 123 bp (no insertion) and 128 bp (insertion) fragments from C. parallelus F1 hybrids (arrow). Lanes: M, pBR322 cut with HaeIII; 1, pure-bred C. parallelusparallelus; 2-5, hybrid individuals; 6, pure-bred C. parallelus erythropus; -,negative control. Extra fragments with a slower mobility were also observed in each lane of the hybrid individuals. These are likely to be double-stranded DNA fragments resulting from heteroduplex formation between single strands with and without the 5 bp insertion.
cation of genotypes, all DNA samples from each population were analysed at least three times and more than three times if faint bands were detected after acrylamide electrophoresis.
Genetic distinctness of Spanish and French C.
parallelus
To establish whether Spanish and French grasshoppers were genetically distinct from each other over the entire length of the Pyrenees, grasshoppers were collected from 11 Spanish and five French populations ( Fig. la) and analysed for the presence or absence of the 5 bp insertion.
Populations on the French side in the High Pyrenees (ARA, AUL and AX) were fixed for 10 (frequency of 1) whilst comparable populations on the Spanish side were fixed for the alternative allele IS ( Fig. la and Table 2 ). Two Spanish populations near the centre of the Pyrenees (PAR and FOR) gave a frequency of 0.14 and 0.10, respectively, for JO. DNA sequencing of the cpnl-1 segment from grasshoppers in PAR revealed that they contained a haplotype (pnal2) which is found exclusively in Spanish populations 
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-JO --,both allelic fragments (10 and IS) were detected in that individual. (Cooper & Hewitt, 1993 Populations at the eastern and western ends of the Pyrenees were found to contain a mixture of both JO and 15 at polymorphic frequencies (Table 2) (Figs lb and 3b) .
The frequencies of the JO and 15 alleles were also determined from seven populations in a transect through the Col de la Quillane towards the eastern end of the Pyrenees, with five individuals analysed per Table 2 Frequency of the 'no insertion' allele (JO) and genotypes of individuals in populations along the Pyrenees (location as specified in Fig. 1 population ( Fig. ic and Table 3 ). The French population ESCQ at the end of the transect was fixed for 10 whilst the Spanish population BELL was fixed for the alternative allele 15. Between these two populations a dine in the frequencies of the JO and 15 alleles was detected (Figs ic and 3c) with an estimated dine width of 42.3 km (± 15.7 km), centred just south of RJ, approximately 27.9 km (± 2.97 km) from Aunat ( Fig.  1 c) . To test whether this is significantly wider than the dine through Cot du Portalet and Col de Peyrelue, the Quillane data were reanalysed using a fixed dine width of 15 km (conservative estimate of the dine width at Col du Portalet). The centre was estimated to be 27.7
km with a likelihood of -12.92, compared with -4.21 using a width of 42.3 km. The difference between these two likelihood values is greater than 2 likelihood units which provides evidence that the estimated dine width at Col de la Quilane is significantly greater than the dine width at Col du Portalet and Col de Peyrelue.
Discussion
The populations of C. parallelus from the Spanish side of the High Pyrenean mountains are characterized by a 5 bp insertion in a noncoding nuclear DNA fragment that is absent in populations along the French side.
This IS allele is fixed in most of the Spanish population samples, and in those where it is not the 10 alleles are distinctly Spanish in their DNA sequence. This DNA fragment (cpnl-1) sequence has been compared in C. p. eythropus from across Spain and C. p. parallelus from across France (Cooper & Hewitt, 1993) . It has diverged considerably (up to 3.5 per cent) in the two subspecies and this clearly indicates that the two (Butlin & Hewitt, 1985a) and current cytological! morphological investigations (Buño, 1992; in prep.) suggest and support that much greater mixing of subspecific genotypes has occurred in these Basque and Catalan populations. In the High Pyrenees the two subspecies oniy meet in cols below about 2100 m (the upper altitude limit for C. parallelus), whilst at both ends of the chain the lower passes and foothills should make both dispersal and mixing much easier. The development of distinctive nuclear DNA markers, as well as mtDNA ones, means that the extent and causes of these introgressions can now be more clearly addressed. The expanding distributions of the two subspecies C. p. parallelus and C. p. eiythropus would have approached each other after the last ice age from the north and south of the Pyrenees (Hewitt, 1990) and made contact in the high cols as the ice cap on the Pyrenees finally retreated (-9000 BP). The width of the gene dines produced will depend on the interaction of gene flow, selection and colonization (Barton & Hewitt, 1989; Hewitt, 1993) . Since the dispersal and interbreeding will have caused genome mixing for some 9000 generations it is thus of great interest to see that the cpnl-1 marker sequence forms a fairly narrow dine in two adjoining high cols (Peyrelue: 9.7 km, Portalet, 13.3 km) and a broader one in another high col towards the east (Quillane: 42.3 km). The widths of dines for morphological and behavioural characters through Col du Portalet range from around 1 km to 20 km (CV1 = 18.52 km, Butlin et al., 1991) , so the cpnl-1 locus dine fits nicely into that range and this indicates that a similar suite of forces is operating on this section of the genome as for several other phenotypic characters. However, the same character dine widths at Col de la Quillane are generally smaller (CV1 = 7.04 km, range: 0.5-16.6 km) and yet, from the data we have at present, the cpnl-1 locus apparently describes a much wider dine (42.3 km). It has been suggested that the narrower dines at Col de la Quillane have been produced by reduced insect dispersal caused by the more disrupted distribution of suitable habitat at Quillane than at Portalet (Butlin et al., 1991) . If this is so, then the cpnl-1 sequence at Quillane must have been affected by a different combination of forces than that at Portalet. We have recently obtained evidence from both cols which indicates that a nucleolar organizing region found on the X chromosome of C. p. parallelus (XNOR), but not on that of C. p.
erythropus, forms a dine that is shifted south of the col centre in both Portalet and Quillane (Ferris et al., 1993 (Cooper & Hewitt, 1993) was detected in several populations towards the Catalan end of the Pyrenees (LLE and FOR) but was absent in populations towards the Basque end. These regional differences in haplotype diversity suggest that C.
parallelus colonized the Pyrenees by several expansion routes through Spain after the last glaciation, with at least one major expansion route through central Spain and one route through the north of Spain.
On a technical note, it is important for population genetic analyses to know homozygote and heterozygote frequencies, since this tells us several things about population structure and dynamics, and has clear relevance in hybrid zone studies. In PCR amplification of the IS and JO alleles it was clear that in some cases both of the alleles were not always amplified (visibly) in individuals that were known to be heterozygous. Stochastic differences in the PCR amplification of DNA fragments may be caused by differences in the quality and quantity of DNA used to initiate the PCR.
These factors cannot always be ascertained easily, particularly if the DNA is prepared from old tissue samples or relatively small organisms. When dealing with a single locus amplification, as in our case, these problems can be overcome relatively easily by repeating the procedure several times. However, PCR amplification and analysis of multiple loci, particularly when the molecular bases of allelic differences are not known (for example in the case of RAPDs) may prove extremely difficult to interpret. We therefore suggest that great care should be taken in the use of such procedures for the analysis of population structure and dynamics.
